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SPACE APPLICATIONS

- UDC 528.06(26):629.78

PROCESSING SATELLITE DATA FOR THE DETERMINATION OF THE COORDINATES OF A
MOVING STATION

Moscow GEODEZIYA I KARTOGRAFIYA in Russian No 7, 1980 pp 23-27
/Article by Yu.G. Firsov and B.D. Yarovoy/

/Text/ For the solution of special navigational problems related to the
support of marine geodesic and geophysical work that is being performed on
moving surveying ships that are beyond the effective range of highly accu-
rate land-based radiogeodesic systems, at the present time the utilization
of data from a Doppler satellite navigation system (SNS) offers the most

E promise.

- The information that is obtained is processed by an on-board computer. The

accuracy of the determination of a moving station's coordinates depends to
- a considerable degree on the satellite data processing algorithm that is
used. The problem of determining an object's location on the basis of data
from navigation satellites can be solved in different coordinate systems.
The choice of the system is basically determined by the specific nature of
the problem to be solved and the number of computations involved. The
unique feature of the integral Doppler method is that when a surveying ship
is in communication with a satellite it is, as a rule, in motion; conse-
quently, its coordinates can be calculated for only a single passage of the
satellite. In connection with this, the measurements that are made are in-
adequate for determining all three coordinates with the same degree of ac-
curacy. For this reason a spherical geocentric system of coordinates is
used in Doppler navigation, and the least accurately determined coordinate
is the station's geocentric distance, which is considered to be a known
value during the processing /3 /.

The most widely used model for the solution of the problem described above
_ is equalizing the completed measurements relative to three unknowns: two
geocentric coordinates and the base frequency. Prior information about the
accuracy of the base frequency's determination is not taken into considera-
- tion, which is the same as acknowledging it to be a completely unknown val-
ue. In turn, the northerly (Vy) and easterly (Vg) components of the velocity
vector and the ship's radius vector (R) are considered to be errorfree
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- initial data. In accordance with this, we obtain a system of n-—parametric
correction-factor equations /[1,3/:

- 33
c8F +aidq+bido—Ali=vi; Pi= 15,

i=1,2,...n,

(1)

where aj, bj, ¢ = coefficients of the parametric correction-factor equa-

tions; Af; = free term of a parametric correction-factor equation; dJr, 6?,
_ ow = 3k-cos { are the correction factors of the values being determined
(base frequency and geocentric latitude and longitude); vi = correction
factor for the measured difference in distances; P; = weight of a paramet-
ric correction-factor equation; mj = mean-square error in determining the
difference in distances by the integral Doppler method; A = mean-square er-
4 ror of a unit of weight.

The solution of system (1) by the method of least squares makes it possible
to determine the most probable coordinates at the final moment t; of a cho-
sen k-th integration interval and the value of the base frequency during
the realization of the integral Doppler measurements.

As practice in using SNS's, special experiments, and theoretical research
have shown, the accuracy of the determination of a moving station's coordi-
nates is basically limited by the accuracy with which systematic errors are
eliminated from the elements of the computation. Therefore, the accuracy
of satellite navigation depends essentially in the type and accuracy char-—
acteristics of the facilities used to compute the ship's path. This fact

- means that there are certain difficulties involved in using an SNS on a
moving ship, since the required accuracy in determining the computation el-
ements cannot always be achieved under seagoing conditioms.

In most published works devoted to investigating the accuracy of the deter-
mination of an object's coordinates with an SNS, the accuracy of the elimi-
nation of_the systematic errors is not taken into consideration. For exam-
ple, in /2 / the errors in the coordinates are computed on the basis of
random measurement errors, while the effect of the systematic errers is ex-
pressed as a displacement of the site's coordinates that is proportional to
the magnitude of the possible systematic error. The author of this work
presents graphs that illustrate, on the one hand, the radial mean-square
error in the determination of the coordinates, caused by the effect of ran-
dom errors in the measurements, as a function of the satellite's traversing
angular height, and on the other, the magnitude of the coordinates' dis-
placement as a function of the traversing angular height and the specific

- values of the systematic errors (the geocentric radius of the ship's vector
or the velocity vector's components). Such information can obviously be
used for an approximate operational estimate, but it is not very useful for
supporting marine surveying work, which requires a complete and comprehen-
sive evaluation of the quality of the obtained coordinates, with due con-
sideration for the specific conditions and special features of each indi-
vidual determination. The required evaluation of the accuracy can be real-
ized only on the basis of equalizing the measurements with due consideration
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for the accuracy of the determination of the systematic errors that are in-
trinsic to the intzgral Doppler method of determining a site's coordinates
under marine conditions.

When an SNS is used, the errors in the velocity and base frequency compo-
nents {assuming the use of two-frequency measurements of the Doppler shift)
- should be regarded as the basic svstematic errors of navigational parame-
ters that are obtained at different times on the basis of integral Doppler
measurements and reduced to a single location. In connection with this, on
the one hand it is necessary to consider the correction factors that elimi-
nate given systematic errors as measured, while on the other hand, it is
necessary to regard them as values determined simultaneously with the ship's
- coordinates. From this (using the previously adopted definitions), the
system of parametric correction-factor equations takes on the form /4 /

[6F+ (tg'—t.')aiﬁ Vit ('l.—ti)biﬁ V5+a;6(p+b6m—Al.~ =0 ]

- 8F=vr,;

. SVi=uovy; ! (2)
Sve =Uvgi
i=1,2 ...n

where dvy, SVE = correction factors for the computed values of the compo-
nents of the ship's velocity; tj = moment of termination of the i-th inte-
gration interval.

In view of the independence of the measurements' components, the weighting
- matrix is quasidiagonal and will be

-‘ m,’...O -1
0...ma? 0
P=p‘ mig? ' (3)
0 m*yy Kyyve
KVgVNm:‘VE

where mp = mean-square error of the base frequency; myys Myp = mean-square
error of the components of the ship's velocity.

The assumption of relatively equal accuracy that is used for the practical
realization of the algorithm will simplify the solution considerably. 1In
connection with this, it is convenient to assume that the mean—square error
for a unit of weight equals the mean~square error of the difference in dis-
tances (4 = mj), as a result of which the mathematical transformation is
simplified.

After solving system (2) with weighting matrix (3) by the method of least
squares, we obtain more precisely defined values of the base frequency and

the components of the ship's velocity, as well as the most probable coordi-
nates at moment ty by which the measurements were made. At the same time,
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200 it is also possible to obtain a combingd correla-
b 3 tion matrix of the values being determined.

240
In order to investigate the effect of errors in
the velocity components on the results of satel-
lite determinations of a ship's path, we used a
navigation satellite program that included a full
complex of integral Doppler measurement process-
ing, beginning with decoding of the information
received from satellites of the '"Tranzit" series
s 5 and subsequent equalization of the data in accord-
‘ B ance with the proposed algorithm. The evaluation
a4 08 12 my of the accuracy of determinations with different
hal5® T=248 course configurations, as characterized by the
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made on the basis of the coordinate correlation matrix Kx, as derived from
the equalizing equations:

Ky= . (4)

m?oKew
Kaopm?,

The computations were made according to the program, using Doppler measure-
ments with an integration interval T-24 s, for different satellite travers-
ing angular heights and a range of measurement of the mean-square errors in
the velocity components of 0-1.6 knots.

On the basis of the results that were obtained, graphs (Figures 1-7) of the
following functions were cornstructed:

mo=fi(h, my mVE);

my =fy(h, my,, my. =0);

m,=fs(h, my,=0, my.);

me=[i(h, my,, my.); (5)
m; =fs(h, Myy, My =0);

m,=fe(h, my, =0, my.).

In the equalizing equations we used the value = 5, which corresponds to
the average conditions of two-frequency integral Doppler measurements.

The graphs are used to read the values of the mean-square error (in meters)
of the coordinate being evaluated that corresponds to the available accura-
cy of the measurement of the velocity components of the ship's course (in
knots), for specific values of the traversing angular altitudes of a satel-
lite's passage.

These graphs make it possible to evaluate the nature of the effect of er-
rors in computation (of the velocity components) on the accuracy of coordi-
nate determination for defined geometric conditions of satellite passages.
In particular, the vesults that were obtained make it possible to refute
the widely held opinion that there is a predominant error in longitude for
any geometric conditions of location. It was ascertained that for h<
£15-20°, the ellipse of errors is elongated along the meridian, in the in-
terval 20°£ h <300 it is almost a circle, and as the traversing angular al-
titudes increase it becomes elongated along the parallel; in the extreme
case (h = 900), it becomes a band with an undetermined value for the site's
longitude. When there are errors in the velocity compoments, the nature of
the distribution of the errors in the coordinates changes substantially.

These principles for evaluating the accuracy of the coordinates of a survey
ship, as obtained with the use of a satellite navigation system for a mov-

ing ship, have been used as the basis of an improved data processing algo-

rightm that makes it possible to allow for the accuracy of the measurement

of the velocity vector's components under specific seagoing conditions.

5
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UDC 528.946:629,78+553.061.11
USE OF SPACE PHOTOGEOLOGICAL MAPS IN THE PREDICTION OF ORE REGIONS
Moscow ISSLEDOVANIYE ZEMLI IZ KOSMOSA in Russian No 2, 1980 pp 34-43

[Article by M. A. Beloborodov and V. S. Kogen, All-Union Aerogeological Scientific-
Production Combine "Aerogeologiya," Moscow]

[Text] At the present time space photographs of the earth are finding broad appli-
cation in the mapping of individual structures, more precise determination of the
geological structure of the territory and in regional space photogeological mapping
of extensive areas. The purpose of space photogeological mapping is the compilation
of geological maps on the basis of a joint interpretation of the results of inter-
pretation, and also geological, geophysical and geomorphological data obtained by
an analysis of existing maps and with additional ground study of the interpreted
features, In the future space photogeological maps may be used in space photomin-
eragenetic, predictive and other investigations. The marked increase in the volume
of information used in these cases for the prediction of minerals is giving spec-
{al timeliness to the matter of complex interpretation and synthesis of different
kinds of information [1]. This article is devoted to the possibilities of predict-
ing ore regions on the basis of  oint use of space photogeological maps and geo-
logical-geophysical data.

As 1s well known, the peculiarities of space photographs applicable to the purposes
of geological mapping are: great coverage; natural generalization of areas; com-
parability of the videoinformation received under equal conditions for separated
reglons; selectivity of videoinformation and its nonequal detail (in geological
respects). This affords a possibility for carrying out geological investigations
= by the deductive method, indirect study of the deep structure reflected in the

landscape and terrain photoimage and clarification of earlier unknown geological
features and their associations.

The selectivity of the geological information reflected on space photographs is
governed by the different photogenetic properties of the geological formatioms,
which are related to the physicochemical properties of the rocks, their bedding
conditions and the physiographic position of the photographed feature. Thus, space
photographs have a definite "geological resolution," only partially related to the
resolution of the photomaterials in the geometric sense of this term.

These properties of space photographs were used in the compilation of mediun-scale
space photogeological maps of different regions in Siberia and the Far East [2, 3].

The following principles were established as the basis for space photogeological
mapping: '
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1. Small-scale and then medium-scale photographs are first subjected to study. Ca
all photographs the analysis and interpretation are carried out from the largest
to the smallest features. A result of application of this principle is the natur-
alness in the outlines of the geological features revealed on space photographs
and reflected on a space photogeological map.

2. The interpreted space photofeatures are subjected to multisided photointerpret-
ation -- genlogical, geophysical and geomorphological. A result is an increase in
the reliability and completeness of the interpretation of space photofeatures

and a decrease in the number of elements not subject to geological interpreta-
tion, that is, an increase in the resolution of the space photogeological map as
a whole.

3. The basis for interpretation is the principle of universality of geological,
geophysical, geomorphologiical and videoinformation indicators, governed by their
genetic similarity and interrelationship. This determines the possibility of use
of different characteristics as indicators of the surmised geological feature and
also the possibility for applying formal methods for multisided interpretation
and prediction. As a result, the criterion for geological reality of a space
photofeature is the presence of geological and (or) geophysical, morphost:ructural
and other elements conformal to it.

4, A space photogeological map reflects only those geological features which are
interpreted on space photographs. In accordance with the above-mentioned propert-
ies of space photographs a result of such dominance of videoinformation is a non-
equal detail of dissection of stratified strata, intrusive and volcanic complexes,

R metamorphic formations, etc. in different tectonic and landscape-climatic re-
glons.

5. A space photogeological map has a structural-lithological orientation, which
is attributable, first of all, to the fact that among the geological factors ex-
erting an influence on the landscape the most important are the physicochemical
properties of the rocks and their bedding conditions, and second, to the fact

- that such a nature of the geological interpretation of space photofeatures is
preferable in subsequent tectonic or mineragenetic investigations. The result is
a map representation of structural-mineralogical complexes which are character-
ized by a specific photoimage, composition, bedding conditions and tectonic
position, which in general corresponds to the concept of a space photogeolog-
ical complex.

The content of space photogeological maps and the gemeral sequence of investiga-
tions applicable to the problems of space photogeological mapping have been con-
sidered before [2]. Experience in space photogeological mapping has indicated

- the broad possibilities of the detection of various types of geological and
morphological features on the photographs. These include extended linear, sinu-
ous, arcuate and annular tectonic zones, intrusive and stratigraphic contacts;
granite-gneiss and metamorphic domes; intrusive masses and volcanic structures;
aureoles of hornfels and secondary quartzites; buried geological bodies or those
not exposed by erosion, etc. In some cases the totality of such features, de-
tected for the first time, substantially changes the structural pattern of the
territory, the outlines of major tectonic regions, the nature of their boundar-

- ies and internal structure, making possible a new approach to an understanding
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of the history of their formation. Various kinds of minerals are spatially asso-
ciated with many of the features detected on the space photographs, including
earlier unknown faults and annular structures. A comparison of space photogeo-
loglcal maps with mineral maps indicates the presence of statistically stable
spatial relationships of definite types of mineralization and space photofeatures
of different genesis. This creates favorable prerequisites for the prediction and
search for minerals on the basis of space photogeological information.

In the formulation of such investigations in one of the regions of the Far East
the following goals were set: evaluation of the effectiveness of space photogeo—
logical methods in the prediction of minerals; carrying out of a purposeful syn-—
thesis of videoinformation, geological and geophysical characteristics of the
territory for prediction purposes.

The solution of these problems required adoption of a criterion of the effective-
ness of use of different kinds of information. As such a criterion it is pos-
sible to use the magnitude of the contribution of the used information to the
final result, that is, to the separation of the territory into sectors, obtaining
different evaluations with respect to its prospects with respect to mineraliza-
tion. The following indices were adopted for an evaluation of effectiveness:

a) the value of the informational significance of the data used in prediction (in
the case of a high effectiveness it is maximum);

b) the fraction of the area whose evaluation at a stipulated reliability level re-
mains uncertain (with a high effectiveness it is minimum);

¢) the degree of localization of the most promising sectors (in the case of a

high effectiveness such sectors must occupy a minimum area).

There must be a universal quantitative index for comparison and synthesis of dif-
ferent kinds of information. The application of such an index in an evaluation
of the similarity of investigated features with known ore-bearing areas ensures
effectiveness of the analogue method, Such a unique measure, making possible a
comparison and synthesis of different kinds of information with allowance for
their individual significance, is the information content of the criteria for the

- features to be predicted. By the term "information content of criteria” is meant
the measure of the spatial relationship between their values and the location of
features of the predicted class (in particular, ore regioms).

Each criterion (for example, age of rocks, density of fissuring, magnetic field
strength, etc.) can be characterized by two indices: a) a number of special in-
formation contents of their individual values (gradations); b) mean integral in-
formation content (informational significance). The special information content
of gradations of a criterion characterizes the reiationship between a particular

N gradation and the predicted feature and takes into account the frequency of oc-
currence of the gradation beyond the limits of the features. This index makes it
possible to sum different kinds of information, formulate an idealized (optimum)
model of the feature and construct a predictive map in dependence on the specific

. values of each criterion. The informational significance of a criterion is a

. characteristic which simultanecusly takes into account the special information
contents of the gradations of a particular criterion and the frequency of their

- occurrence for the predicted features. The optimum combination of information con-
tent and the frequency of occurrence gives the maximum informational significance
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of the criterion. This index makes it possible to detect criteria whose study can
give the maximum effect and determine the optimum sequence for their study. For
example, in accordance with the informational significance of different criteria
a possibility appears in prediction to investigate first of all the annular struc-
tures, rejecting features of a definite genesis and size and then near the an-
nular structures detect sectors of development of Precambrian greenstones, etc.

The method for predictive-mineragenetic investigations on the basis of a space
photogeological map was developed in the example of an evaluation of the prospects
for locating ores in one of the regions of the Far East with an area of about
160,000 km?. In accordance with the scale of the initial space photogeological
maps, geological and geophysical maps the object of prediction is an ore region
whose area according to empirical data varies in the range 100-400 m2.

The "Otsenka" ["Evaluation"] algorithm has been developed and used for solution of
the formulated problems [1]; it makes use of the analogue method, in essence the
only geological prediction method. The problem is reduced to an evaluation of the
similarity measure (for the totality of the criteria) for the investigated area
and an earlier studied area where ore deposits have been determined. The es—

sence of the "Otsenka" algorithm, like other algorithms for prediction by image
recognition methods, is the obtaining of some function whose arguments are the
values of the criteria at points in the investigated area. This function must as-
sume the most different values with the substitution of arguments corresponding to
features of different classes. The values assumed by such a function are a criter-
ion for the classification of features. The algorithm is applied in the "Otsenka"
program using a YeS-1022 electronic computer. The program makes it possible to
evaluate the information content of gradations of criteria, formulate an optimum
model of an ore region, evaluate the informational significance of the criteria
and measure of similarity between the investigated sector and standard references
entered into the electronic computer. Thus, the similarity measure appears in the
role of a classification criterion for a complex of criteria taken into account
and is an index of the prospects of the territory (without allowance for economic
geography, mining geology and technological conditions).

The investigated territory was divided into equal-area elementary grid squares,
individual objects for prediction whose area was determined by the detail of the
prediction and the initial data. In subsequent procedures they are approximated
by points, to which all the information is related. The initial information was
taken from medium-scale geological and space photogeological maps, space photo in-
terpretation sheets, magnetic and gravimetric maps. A total of 49 criteria were
used, including 16 geological, 17 space photogeological and 16 geophysical. We
will note the two principal conditions for selecting criteria: a) they must be
described for the entire investigated territory, b) the initial set of criteria
includes their maximum number; it is undesirable to dispense with those which seem
to be of little significance because the problem includes evaluation of signif-
icance; criteria with a low information content are excluded automatically by the
algorithm in the course of solution of the problem.

In computing the similarity measure use is made of the sum of "weights" of the cri-
teria and therefore provision is made for an analysis of dependent criteria, the
choice from their number of those which have the maximum informational
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significance, and exclusion of the remainder. A list of criteria is given in

Table 1. We note that no use was made of known direct mineralization criteria

(ore shows, concentrate aureoles, etc.), closely associated with different de-

grees % study of individual parts of the territory and frequently also with geo-

morpholsgical conditions. In describing the criteria use was made of nominal,

sexial and metric scales, depending on their meaningful sense. In particular, a

nominal scale is used in characterizing the composition of the rocks, a serial

scale is employed in characterizing their age and a metric scale is used in

- characterizing their physical fields. The gradations of the criteria are deter-
mined in accordance with these scales: for rock composition —- 1 ~- silicate, 2 —-—

alumosilicate, 3 -- calcareous, etc.; for the age of rocks -~ 1 -- Cenozoic, 2 ~-
Mesozoic, 3 -- Upper Paleozoic, etc.; for physical fields -- the real digital
values.

g
0'

o L
o 00 BG

0%6%0°0°070% % 0 o
0’00’ o’s

T e B3 B0 k=99
2 () Baile 21 (@ )r

Fig. 1. Optimum model of predicted ore region (a -- geological position of region;
b) optimum geological structure of region; c) geological section along line I-II);

. 1) Upper Proterozoic sedimentary greenstone-modified strata of geosynclinal com-

- plex; 2) Mesozoic volcanic formations; 3) Mesozoic granitoids; 4) Archean and Ear-
ly Paleozoic granite-gneisses; 5) major tectonic zones; 6) dislocations; 7) poly-
linear annular structure of plutonic-volcanic genesis; 8) hydrothermally modified
rocks; 9) outline of unexposed mass of granite-gneisses; 10) predicted ore region

In formulating a decision rule for the classification and evaluation of the qual-
ity of the results use was made of 43 standard features -- ore regions, of which
33 were features incorporated into the electronic computer and 10 were contvols.
- The following basic data were introduced into the electronic computer: 1) charac-
' teristics of the territory at points approximating individual objects of predic-
tion; 2) gradations of those criteria which are described by nominal or serial
scales; 3, coordinates of the control and reference features, as well as those
sectors for which prediction is irrational as a result of lack of the necessary
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information or due tu their tectonic position.

£k 50 am

W 3 B e (553

Fig. 2, Fragments of maps from computer evaluation of prospects of finding miner-
als: a) using criteria taken from geological map; b) using criteria taken from
geological and space photogeological maps): i) reference features [standards]
(ore regions with industrial deposits); 3~6) similarity measure for investigated
sectors with reference features; 3) more than 0.75; 4) from 0.55 to 0.75; 5) from
0.25 to 0.55; 6) less than 0,25,

It must be emphasized that we did not introduce and did not use at all any prelim-
inary subjective evaluations of criteria (expert evaluations, units, etc.). The
operations were carried out only with discrete descriptions of the territory and
the coordinates of the reference features, The subjectivity of the evaluation is
determined by the reliability of the data (maps) used, the choice of criteria and
the nature of the gradations of those criteria which are described by nominal or
serial scales.

These investigations made it possible to: 1) carry out ranking of criteria on the
basis of informational significance and maximum information content of their grad-
ations (Table 1); 2) give a comparative evaluation of the effectiveness of use of
space photogeological maps, geological and geophysical information for evaluating
the prospects of a territory (Tables 2, 3); 3) formulate an optimum model of the
predicted ore region in which the most important prerequisites for the localiza-
tion of mineralization are reflected (Fig. 1); 4) compile maps of computer evalu-
ation of the prospects for finding ores in different variants using criteria giv-
en on a geological map, on geophysical maps, on a space photogeological map and
using a complex of geological, geophysical and space photogeological criteria
(Fig. 2 shows fragments of two such maps).

Tables 1 and 2 show that the information contained on a space photogeological map
in its significance is commensurable with the information given on geological maps
of this same scale. The high information content of the photometric and other

17
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characteristics directly present on the space photographs is affording possibilit-
- ies for their further use in predictions even in poorly studied regions where geo-
logical-geophysical interpretation is difficult.

Table 2

Comparison of Effectiveness of Space Photogeological, Geological and Geophysical
Criteria Used in Evaluating Prospects of Mineralization

Criteria Informational Maxima of infor-
significance, 7% mation content
of gradations, 7

Space photogeo-

logical 42,5 36.7
Geological 40.4 39.2
Geophysical 17.1 24,1

100.0 100.0

Table 3 -

Comparison of Results of Classification of Territory Using Criterion of Similarity
to Reference Features

Similarity measure Area, 7
using geological using geological and using geological,
criteria space photogeological space photogeol-
criteria .ogical and geo-
physical criteria
Over 0.75 18.4 6.4 4.3
0.55-0.75 3.8 9.0 7.2
0.25-0.55 45.4 43.9 25.3
Less than 0.25 32.4 40.7 63.2
100.0 100.0 100.0

The low informational significance of some criteria, in the generally accepted opin-
ion favorable for mineralization (presence of hydrothermally modified rocks, in-
creased fissuring, presence of Mesozoic intrusions, with which mineralization in
this region is associated), is attributable to the scale of the used materials

and the detail of the forecast (prediction). Without question, with the use of
large-scale maps and prediction of ore fields or deposits the presence of hydro-
thermal charges will play a greater role; in this case the possibility of using
direct search criteria is not excluded. The reason for such a low information con-
tent of the other two mentioned factors is the high background value of the den-
sity of fissures (dislocations) and the widespread occurrence of Mesozoic intru-
sions. This reduces their usefulness in prediction and reconnaissance, which is
taken into account by the algorithm; they can play an important role under the
condition of a more detailed description or in the case of small-scale prediction
(at the level of large ore zones). In general, the informational significance of
any criterion is a variable value and is dependent on the scale of the investiga-
tions, the level of the prediction and the type of feature to be predicted.
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The use of space photogeological maps made possible a threefold reduction in the
area of the most promising sectors having a measure of similarity to the standard
‘reference features above 0.75 (Table 3). At the same time, the fraction of areas
having a minimum similarity to the reference features is increased by a third.
Thus, the contrast of the evaluation of areas when using space photogeological maps
jointly with a geological map increases substantially, which facilitates their in-
terpretation. The use of geophysical information still further increases this con-
trast. We note that the reliability of classification of a territory with respect
to prospects for mineralization does not deteriorate.

In evaluating the quality of classification of a territory use was made of standard
control features -- ore regions, whose characteristics were not taken into account
in formulating a decision rule for classification and formulation of an optimum
model of an ore region. Among the 10 control features there was incorrect classif-
ication of only one, evaluated by a measure of similarity to the reference fea-
tures less than 0.6. Such results seem entirely satisfactory.

Figure 2 shows that the defined most promising areas for the most part adjoin
known ore regions. Within the limits of these areas there are known to be individ-
ual deposits and ore shows. In addition, new promising areas have been detected at
a considerable distance from the earlier known regions, where only a few ore shows
are noted on occasion. All the promising areas are characterized by a closeness to
annular structures, associated with processes of Mesozoic intrusive and extrusive:
magmatism. They are situated near outcrops of Mesozoic extrusives and were local-
ized amidst sedimentary rocks of the Upper Precambrian, metamcrphized under condi-
tions of epidote-amphibolite facies. A closeness to sublatitudinal regional faults
- is noted, as well as the presence of unexposed masses of granitoids within the
limits of these areas. Promising areas usually have specific photocharacteristics.

It should be emphasized that the evaluations made are specialized for a specific
region and type of mineralization. They cannot be applied to territories with
other geological-geophysical and landscape-climatic characteristics and make it
possible to predict features only of those classes which were used as references.

Conclusions. It was established that in an evaluation of one of the regions in the
Far Cast, made using a computer, that the informational significance of space pho-
togeological criteria is commensurable to the significance of the information
present on geological maps of this same scale. In most cases the space photogeo—-
logical information does not duplicate the already known geological information
but contains fundamentally new information. The use of this information, together
with that extracted from geological and also geophysical maps of the same scale,
made possible a substantial reduction in the area of the most promising sectors
with a simultaneous increase in the contrast of evaluations and retention of reli-
ability of the evaluation.

Thus, space photogeological information in general and a space photogeological map
in particular can be used in predictive-mineragenetic investigations. The pro-
osed approach to complex use of geological, geophysical and space photogeological
information will make it possible to carry out a purposeful synthesis of different
types of irformation in a single index with allowance for the individual signif-
icance of each of the characteristics.
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UDC 629.19:551

ORBITAL PARAMETERS AND SENSORS OF A SYSTEM FOR STUDY OF THE EARTH'S
NATURAL RESOURCES

Moscow ISSLEDOVANIYE ZEMLI IZ KOSMOSA in Russian No 2, 1980 pp 57-65

[Article by N. S. Ramm, A. M. Kuzina and I. G. Mal'tseva, Aerial Methods Laboratory,
All-Union Scientific~Production Combine "Aerogeologiya," Leningrad]

[Text] Satellites for study of the earth's natural resources are artificial earth
satellites specially intended for a multiple, rigorously periodic survey of the
earth's entire surface over the course of one or more years with the routine
transmission of information to ground reception stations. The operational systems
for study of the earth's natural resources ire the "Meteor" (USSR, [1]) and "Land-
sat" (United States, [2]). The use of their data is of an international character.
Intensive work is being carried out for the improvement of these systems and the
creation of new ones.

It has been established that the orbits of satellites for study of the earth's
natural resources should be near-circular with an eccentricity e$0.003, solar-syn-
chronous (SS), have an altitude H from 400-500 to 1,000 km, and their trajectories
- should cover the earth's surface with equally distant trajectories which in each
of the survey periods should pass through one and the same terrain points [3-5].
For the sake of brevity orbits satisfying the totality of enumerated conditions
will be called "isotrajectory" orbits. Now we will examine the specifics of these
orbits, we will describe the totality of their parameters directly associated with
the survey conditions and we will derive the expressions required for ballistic
computations, comparison and selection of variants of the systems.

Parameters and properties of isotrajectory orbits. We will assume that the follow-
ing parameters of isotrajectory orbits are basic: P -- survey period, that is, the
time interval (in days) between repetition of identical survey trajectories; m --
number of survey trajectories (trajectory passes), that is, the number of total
revolutions of the satellite during the survey period; t( is the mean locdal time
of a survey of points on the equator; Ty is the moment (date and UT) of tramsit of
the ascending node in the orbit in one of the satellite revolutions.

In addition to the main parameters, we will introduce the following parameters into
consideration: n -- number of satellite revolutions per day, rounded off to the
closest whole number;

A = ZTLReq/m (1)
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is the distance between adjacent points of intersection of survey trajectories
with the equator, where Req is the earth's equatorial radius;

k = nP - m, (2)
First we will discuss the parameters P, m, n and k.

It is evident that
PT, = uT, (3)
where T 1s the Draconian period of satellite revolution [5] and Tg is a time inter-
val equitl to the mean solar day. Since a satellite always passes through the as-
cending node of the isotrajectory orbit at one and the same local time, the corres-
- ponding Greenwich time is different for different trajectory revolutions, but con-
stant for each survey period. Accordingly, P is the minimum whole number of days
during which a satellite makes a whole number of revolutions. Taking into account
the equalities (3) and (2), this means that m and k are numbers relatively prime
with P and k = O only with m = n and P = 1.

In accordance with formulas (2) and (3)

, . (4)
k=m(nT—Tc)|T.=P(nT—Tc)IT

m:T.=P:T=k: (nT—T,),

or
(5

[¢ = 8 = solar] and by the definition of n the inequality !nT - TS' <0.5T is cor-
rect. This makes it possible to formulate the following properties of the consider-
ed parameters:

1. k>0, if nT>Tg, that is, if the satellite makes less than n full revolutions per
day, and k<O in the opposite case.

2, k and m satisfy the restrictions

—0,5P<k<0,5P, (6)
05P(2n—1) <m<0,5P(2n+1), )

and an equality in formula (6) is attained only when lk I =1, P=2,

3. The n parameter can assume only two values 14 and 15 since only with 13.5-15.5
revolutions per day does the altitude of a SS orbit fall in the range 400-1,000 km
[5]. This makes it possible, in particular, to write the restrictions (7) in the
form

, 13,5P<m<145,5P. (8)

4. The parameters m, P and k can be interpreted as the number of survey routes or
zones overlapping respectively the earth's entire equator and its arcs on which the
equatorial points rotate relative to the line of orbital nodes during the period

T of satellite revolution and during the time interval |[nT - Ts, . In other words,
between survey trajectories for successive satellite revolutions there there are
also P - 1 trajectories, and between trajectories registered after n revolutions

- lk | - 1 others (see Fig. 1, where P = 5, k = -2).
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Fig. 1. Diagram of positioning of trajectories (P

KEY:
a. 2d trajectory :
b. 3d trajectory, 4th day
c. 2d trajectory, 2d day
d. 3d trajectory, 5th day
e. 24 trajectory, 3d day
f. 1st trajectory, 3d trajectory of period II
g. 2d trajectory, 4th day
h. lst trajectory, 2d day
i. equator

It follows from the latter property that with , k,)l there can be a parallel survey
carried out with a sensor with a large angle of view and covering the earth with
the interval ]klA during the period

P=[P/|k|]+14, 9

where [P/ | k | ] is the whole part of the number P/ l k l . In this case adjacent tra-
jectories of such a survey are registered on successive days and each Pk~th of them
has an excessive overlap with one of the adjoining ones.

For isotrajectory orbits we will express the ordinary elements of the circular or-
bit -- mean altitude H and inclimation i -- through the parameters P and m. For
this purpose we use the formulas

T=2nu~"p"[1+ep='p~*(1—4cos® £) +1,5¢*], (10)

0Q=—2nepn"'p " cos i(1—*/sen='p~*) —5,40n cos i/ R,'p~", (11)

where = 398 601 kn¥/sec2, £= 1.5R1? Jp = 2.63333-1010 kn/sec?, J4 = -1.593
106 and Jy = 1.082628-10'3 are constants of the earth's gravitational field, p and
e are the ellipse parameter and orbital eccentricity, 50 is orbital precession dur-—
ing one satellite revolution. Expression (10) was derived by transforming the cor-

responding formula of perturbed motion of an artificial earth satellite [5], tak-
ing into accommt the principal terms of the influence of the second harmonic of
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geopotential. In deriving expression (11) use was made of the rigorous formulas
for secular perturbation of the orbit under the influence of the second harmonic
of geopoteatial and the formulas for the main terms of secular perturbation from
4-8 zonal harmonics [6]. In the expression for §f)derived in this way we then dis-
carded terms not exceeding hundredths of a microradian when e 0,003 and i%98°.
[In the considered H range the inclination of SS orbits in the considered H range
is 97-99°.]

In order for the orbit to be SS, the éSl value must be equal to the mean angle of
the earth's revolution around the sun during the time T:

582 =2n1/Ty, (12)

where Ty = 365,24220 Tg is the time interval in one tropical year. Replacing p in
formulas (10) and (11) by the mean length of the satellite radius-vector r = p(l +
0.5e2) and adding equations (3) and (12) to it, we obtain a system of equations for
determining i and r in dependence on P and m:

T P/m=2np~"r*[1+en=*r-2(1—4 cos* i) +0,75¢*] (13)
TP/m=~T.en='r?cos i(1—*/sen~*r-*+e*)—5,40n cos iJ.R,'r*.

This system makes it possible to compute H and i for isotrajectory orbits with an
accuracy to 0.5 km and 0.'5 respectively. A greater accuracy scarcely makes sense
in the evaluation and planning of parameters until one knows the specific orbital
parameters e and Jexerting an influence on its long-period perturbations. An anal-
ysis indicated that without a further loss of accuracy in equations (13) it is pos~
sible to replace the small terms varying slightly for isotrajectory orbits by their
mean values. This leads to the solution

He=r-R=—6367,5+42 205(P/m)", (14

(0]

cos i=—"74,050(P/m)"",

where R = 6367.5 km is the earth's mean radius and H is expressed in kilometers.
Thus, for each survey period P there are only several isotrajectory orbits for
which the H and i values are determined by formulas (14) with the substitution
into them of the numbers m relatively prime with P and satisfying the inequalities
(8). Accordingly, with an accuracy to the choice of the moments tp and T the set
of isotrajectory orbits is a single-parameter family whose parameter P/m can as-
sume all rational values in the interval (2/31, 2/27), determined by the restric-
tions (8). It goes without saying that this family is determined also by the stip-
ulation of H or 1, but the orbit corresponding to their arbitrary value is not,
generally speaking, an isotrajectory orbit. The m, n, k, A, H and i values for a
number of isotrajectory orbits are given in the table. The problems involved in -
the rational choice of the parameters P and m or parameters equivalent to them will
be discussed after determining their relationship to the characteristics of the
information sensors.

The striving to increase the routineness of operation of systems of satellites for

study oi the earth's resources and at the same time carry out a survey with a high

resolution in the field led to proposals for including in the system M satellites

for study of the earth's natural resources, supplying photographs with identical -
properties. From the above-formulated properties of the parameters P, m and k we

have the following set of conditions necessary and adequate for reducing the total

24 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060029-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300060029-1

FOR OFFICIAL USE ONLY

o period of the survey to PyAP/M in this way: a) the P/M number - ust be whole; b)
the orbital parameters P, M and tg of all satellites must coincide; c) the phase
differences ATg of adjacent satellites must coincide: ATO = T/M. With adherence
to the enumerated conditions Py is precisely equal to P/M, A survey with |k/>1 and
M>1 1s most rational, provided that Pkx/M is a whole number. When this is so, the

- total perlod of the additional survey is Pyx = Pi/M. In remaining cases PMg = [Pk/
M} + 1.

Orbital Parameters and Survey Parameters Promising for Systems for Study of Earth's
- Natural Resources

P, cyTin a li 16 18 20
n 14 15 14 15 14 15
13 -3 -5 5 3 —5 H] -3 3
m 227 229 235 ) 2317 257 265 283 297
834 792 | 670 | 630 8 659 7| 618
:H' b ogoad | o34 logioar | o7sa | 983 | escor |98’ | 97°51’
D, us 194 192 | 188 | 186 174 186 | 156 | 148
3 13,2 138 |159 | 168 12,2 144 | 105 ] 437
d u 51 51 50 49 46 44 4 30
ot | 1018 1023 | 1,025 | 1,083 | 1,018 |1010| 1,016
- 19° s m2.4 03 | 828 | 829 822 827 | 81,9 828
D 19 551 ag1 | 938 | 338 836 832 | 466 | 446
2, 18,0 61,3 | 686 | 47,4 55,2 636 | 306 | 394
du. 5 148 236 | 214 | 139 206 15 | 124 | 143
’ W 145 | 145 | 459 | 123 | 126 | 138 [109| 143
Vad M 170 328 9 | 171 359 266 | 132 | 162
- 1Gn° | may 3,0 857 | 864 | 847 85,2 858 |84 | 8,2
reyma b |3 R sl 8 i i
Py, CyTRY K . 1485
\ 1530 1538 | 1501 | 1489 1542 | 4498 | 1555
sz”,’.;kKM 825 849 1927 956 842 935 |819| 9,5
dprm M 330 3(3 | 289 | 280 345 287 | 323 | 278
Yor 241 220 | 257 274 2,18 262 |208| 280
vpradpa, M 675 687 43 | 167 687 752 | 672 | 778
[gpr limax 88,2 gs4 | 8871 888 883 887 |882| 888
dn K 3500 | 3077 | 3002| 2978 3083 | 2095 |3110| 2970
28, 1127 | 1147 |1207{ 1229 | 4141 | 1243 |4121} 1235
dp 438 423 | 36 | 360 427 32 | 442 | 355
' i 656 | 708 1919 | 1020 | 692 | 944 |642| 1053
. vy, M 2573 2095 | 3435 | 3672 2955 | 3512 | 2838 | 3738
KEY:
a) days
b) km
c) m

Now we will proceed to an examination of the paramecter t( determining at what local
time, that is, at what solar altitude hg , the survey is made. The parameter tQ is

related to the right ascensions (s and §) of the sun and the ascending node of the
orbit by the dependences

Q=g +t,~12"; Q=a,+1,. (15)

The first of the expressions indicated in (15) corresponds to a survey on the as-~
cending and the second corresponds to a survey on the descending revolutions of
the orbit. We note that the combination of formulas (14) and (15) determines all
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the elements of the computed circular isotrajectory orbit, that is, H, i, 2 and
Tg, through its parameters P, m, tg and Tg. TQ in this case, together with tgq,
fixes the longitude of the poirt of intersection of one of the survey trajector-
ies with the equator and thereby determines the position of all the trajectories
on the earth's surface and the date of surveying of each of them.

0
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Jo / / N R
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-0 -4 -20 g 20 4 7 s0m sy
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Fig. 2. Solar altitude in degrees at time of survey in dependence on local lati-
tude. The right edge of the graph corresponds to an additional survey of the lati-
tudes 60-80° on the ascending branch of the orbit. 1) survey of 22 June, tg = 1000
hours; 2) tg = 0900 hours; 3) 21 March or 23 September, tg = 1000 hours; 4) tg =
0900 hours; 5) 22 December, tg = 1000 hours; 6) tg = 0900 hours.

The difference At = t - tg is the local mean time of survey of points situated at
the latitude § and at the equator, equal to the difference A) of the right ascen-
sions of the satellite at the times of passage through the corresponding orbital
points., According to [5], sin AA = -_’_-tg:f/tg i. Accordingly,

{=t,+At=t,xarc sin(tg /tg i) Tc/2m, (16)

the "+" sign corresponds to a survey on the ascending orbital branch and "-" cor-
responds to a survey on the descending orbital branch. The conversion from local
time t to solar altitude h at this time is accomplished using the ordinary for-
mula

sin ho=sin @ sin 8;—cos @ cos G cos L. an

Computations by the cited formulas show that the best illumination conditions for
the entire earth, other than Antarctica and the ocean areas adjacent to it, are
obtained in a survey on the descending branch of the orbit in the morning hours
with ty#0930 hours or on the ascending branch in the evening hours with tg=1430
hours. Figure 2 shows curves of hg values for a survey on the descending branches
with t( equal to 1000 and 0900 hours on the dates of the solstices and equinoxes.
These s:me curves are true for a survey on the ascending branches with tg equal to
1400 and 1500 hours respectively. The figure shows that the tQ values in the inter—
val 0930-1000 hours are actually optimum: with larger tg there is a rapid increase
in hg of a survey in the tropical regions, whereas with lesser tp there is an un-
justifiable deterioration in illumination conditions in the high latitudes of the
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southern hemisphere. It follows from formulas (16) and (14) that Withl?’*} 20°
the time t is highly dependent on orbital altitude H. However, the hg values

vary with a change in H from 600 to 900 km by not more than 1-2°, that is, Fig.
2 is suitable for all isotrajectory orbits.

It follows from Fig. 2 that there jg 4 possibility for an additional survey of the
arctic regions during the spring-summer months during the time of transit of the
satellite through the northem part of the ascending branch of the otbit with a
solar azimuth approximately 90° greater than is usual for the system. The accom-
plishment of such a survey, broadening the possibilities of photometric methods
for interpretation, requires the Stipulation of tg&0900 hours and the additional
activation of semsors for several minutes with each satellite revolution.

Dependence between parameters of isotrajectory orbits, parameters of semsors and
survey characteristics. Now we wiij proceed to an examination of the principal,
from the point of view of the user, characteristics of the survey, that is, the
resolution in the terrain d; covered zonme (width of the terrain zone registered
along each trajectory) D; angle of fjeld of view of sensor 2 B; coefficient of im-
age compression toward the edges of the intercepted zone v4 fractions of overlap g

and gy of intercepted bands at the equator and at the latitude $; flow of inform-
ation I received in a survey in a unit time.

For a more definite presentation we wjill assume that the sensor is a scanning de-
vice with the following invariable parameters: J is the instantaneous angle of
the field of view; N is the number of elements in the line; q is the fraction of
overlapping of adjacent elements of tpe line; & is the time interval between the
registry of adjacent line elements; i is the number of simultaneously registered

lines; T is the scanning period, the time interval between the registry of iden-
tical elements of the j-th and (4§ + j)-th lines.

. We will assume that d is a resolution element at the nmadir (at the center of the
photograph line). In addition, we introduce the resolution elements dg and dp along
the line, at its center and at itg edge respectively. We will bear in mind that the

- stipulated overlap between adjacent survey lines is zero and the coefficients

1-£=0,9; 1-.9=025; c=1/NO=~1,5 (18)

_ vary in a small range. Accordingly, it is easy to see,

d=H3, dy=(1-q)d, dy/d=>, (19)

- 2p=N(1—g)6=(1—¢) Nd/H, (20)
' D=4 sini/(1-g)=2xR, sin i/ (1—g) mmc,/m=~c,/P=30-10* xu/P, (21)
1=T1d/9nR= ~ (22)

nR=T Pld/2rnRm=c,ld, (23)

O=1/cN=TPld/2n RcmN=cld/N=0,15-10-1d/N,

where cj,..., ¢4 (like the c5-cjg introduced below) are proportionality factors.

The approximate equalities in formulas (21)-(23) are based on the restrictions (8),
according to which

m=~14,5P.
i 145 (24)
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For practical purposes, as will be indicated below, formula (24) determines m
with an accuracy to 2%,

- In order to determine the dependence of /3 and dp on D we will use Fig. 3, repre-
senting the instantaneous scanning plane passing (with an ideal orientation of

= the optical axis of the sensor on the center of the earth) through the sensor S,
the center of the earth O and the terrain points M and Q, registered at the edge
and at the center of a photograph line respectively. It follows from the figure

that: ~
sin B R Rcosp .
sin(D/2R) MS H+R—Rcos(D/2R)
dy=MM'=MM" sec (B+D/2R) = (MS/R)R (1—q)b sec (B+D/2R).
Accordingly,
tg p=~Rsin (D/2R)/[H+R—R cos (D/2R) ], 25)
dy==vdy=d,R/H sin {D/2R)csc B sec (p+D/2R). (26)
The last equations can be replaced by the more graphic approximate formulas:
28~D/H(1—-0,08D*/ H*), 27)
vasec? B(1+0,4DYRH). ' (28)

Formula (27) ensures an accuracy to 1% when ZF <65°, formula (28) —- when ZB<80°.

The overlap g, between the interception zones at the latitude & is determined from
the obvious equation: D(1 - g )sec Ayp = 27 Ry] cos¢/m, where A g is the azimuth
of the trajectory of the satellite for study of the earth's resources at the lati-
tude ¢ . Taking into account formulas (1), (21) and that sin Aq; = cos 1 sec ¢ [5],
we have

1—go=(1—g) csc i (cos* g—cos* i)™ 29)

It follows from this formula that with |<yl 55° the overlap 8¢ attains 50% and
the zone of continuous triple overlap begins wit:h]‘f’ Iz 67°.

The information Mbit/sec supplied each second by a satellite for study of the earth's
natural resources during a survey with a sensor with the parameters T, L, N is ex-
pressed by the formula

- J=c,cec:IN/v=2nRcycsc:mN/ T Pd, (30)
where cg is the number of spectral channels of the sensor, 2%6 is the number of gra-
= dations describing the brightness of each element, cy is a coefficient dependent on

the volume of the calibration data, service information, code excess, etc. Assum—
ing ¢5 = 4, c6 = 6 and ¢7 & 2.5 and taking into account equality (24), we obtain

I=c,N/d=0,4N/d, (31)

where d 1s expressed in meters.
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Fig. 3. Diagram used in derivation of dependence of )B and dp on D.

Finally, we note that for scanning devices the role of exposure 1s played by the
I valuye, proportional to J and 52. According to formulas (19) and (23) it can be
Written in the form

ncld/NHE. (32)

According to existing concepts [7, 8], the orbit and sensor of the satellite for
Study of the earth's natural resources should ensure a survey of a high or super-
high resolution in the visible and near-IR spectral ranges with d = 30-60 m. At
the same time it is desirable to make a survey with a resolution element 100-250 m
and a substantially lesser period (routine survey with a medium resolution). The
- installation of an additional small-resolution sensor with a scanning period of one
day and the simultaneous use of two satellites is also not excluded. According to
rielmatrrial presented above, this means that the survey period P must be even and
=|nP -~ m|= 3-5.

The creation of sensors with a high and superhigh resolution for systems of satel-
lites for study of the earth's natural resources involves a number of difficulties
lmpeding an unlimited decrease in d and imposing additional restrictions om the
Parameters P and m. We will examine the most important of these. First of all,

- 29
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it follows from formula (27) or (25) that 2/3}{ >D/2 or, taking formulas (20), (21)
and (18) into account,

Since in the foreseeable future it is difficult to expect the appearance of sensors
with N> 5000-7000, this means that for systems with high and superhigh resolution
P>5. It can be demonstrated that this makes it possible to replace the inequality
(33) for such systems by the approximate equality

PNd~2,7-10° u/(1—g) (1—g) =c1e=4,0-10° x, (34)
whose left-hand side is correct with N<7000 and d<60 m with an accuracy to 4-5%.

- In formulas (23), (31) and (32) replacing N by cj0/Pd, from them and from formulas
(19) and (34) we obtain the following set of equations correct for sensors with a

high and superhigh resolution: ) -
d=Hb=c,/ PN= (cyolc,) "8/ 1" PP = (cacyo) "/ 1" Pli=

= (culco) “HM /1P,

(35)

In each period of time the set of technical possibilities and economic considera-
tions limits the §, ¥, 7N and N, L, I values to some limiting values ‘gmin’

3 mins Y min @04 Npay, 0 maxs Imax This makes it possible to draw the following
conclusions from equations (35):

1. In order to increase the resolution (that is, decrease d), insofar as possible
it is necessary to decrease H and increase P,

- 2. By decreasing d due to an increase in P with fixed (limiting) values of the re-
maining parameters, it is possible to arrive at a moment when the really limiting
factor is the first of equations (35) or the last of them, also represented in the

form s
n=acl/ (MN'P?). (36)

A further increase in P in any reasonable limits for all practical purposes does

not lead to a decrease in d. According to formula (36), a multiple increase in N,

even if it is in itself technically possible, results in a reduction in P and in
- the last analysis to an increase in d.

3. With fixed P, H and ) a decrease in d by a factor of 2 corresponds to an in-
crease in the flow of information by a factor of 4, a decrease in the time requir-
ed for the registry of a point by a factor of 4 and a decrease in the exposure by
a factor of 16.

4, Systems with a high resolution inevitably have a large survey period, that is,
are not very "operational," having a small interception zonme and insignificant
compression of the lines toward the edges.

With a decrease in H there is a decrease in the stability of an isotrajectory or-
bit and its corrections are complicated, but the increasing information on the

earth's gravitational field and the properties of the upper layers of the atmo~-
sphere facilitates the overcoming of these difficulties. Accordingly, even now the
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creation of systems with H= 900 km is scarcely feasible. With ik | = 3-5 this
means that for each P it is rational to use only two orbits: with n = 14, k<O,
K = 760-840 km and with n= 15, k>0, H = 620-700 km. The above-mentioned accur-
acy of formula (24) specifically corresponds to such orbits. Thereafter a conver-

- sion to the parameters n = 15, k<0, H = 460-540 km {8 not precluded, but it is
quite complex.

The "Landsat" system, for which d = 79 m, N = 3230, P = 18, H = 918 km, was already
created eight years ago. The planned foreign systems of satellites for study of the
earth's natural resources are intended for a period of this same order of magni-
tude. A decrease in d evidently is to be achieved by progress in the designing of
sensors, a decrease in H, an increase in ) and a decrease in the parameters g, g
and c approximately to values corresponding to the formulas (18).

With 14<P<22 there are only eight isotrajectory orbits with even P, | k| = 3-5,

il = 500--900 km. The parameters of all these orbits, being most promising for sys-
tems of satellites for study of the earth's natural resources, and also the corres-
ponding survey parameters, are summarized in the table. In this table l (p°, max
denotes the modulus of the latitude of the earth's extreme parallels registered by
the system; the subscript k denotes parameters relating to a sensor simultaneously
registering | k , zones on the ground with the width D and making a survey with the
period Py days, and when using two satellites -- with the period Py days; the sub-
scripts P and P/2 designate parameters relating to sensors taking in at once P or
P/2 zones. The first of these ensures scanning of the entire earth in the course
of 24 hours from one artificial earth satellite, the second — from two artificial
earth satellites. In the table for all sensors it was assumed that g = 0.10, q =
0.25, N = 5000. :
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